argued that the extraordinarily large number of gravitons in a gravitational wave makes them impossible to be resolved as individual particles. While true, it is shown in this paper that a LIGO interferometric detector also undergoes frequent and discrete quantum interactions with an incident gravitational wave, in such a way as to allow the exchange of energy and momentum between the wave and the detector. This opens the door to another way of finding gravitons. The most basic form of an interaction is the first order Fermi acceleration (deceleration) of a laser photon as it is reflected by a test mass mirror oscillating in the gravitational wave, resulting in a frequency blueshift (redshift) of the photon depending on whether the mirror is advancing towards (receding from) the photon before the reflection. If e.g. a blueshift occurred, wave energy is absorbed and the oscillation will be damped. It is suggested that such energy exchanging interactions are responsible for the observed radiation reaction noise of LIGO (although the more common way of calculating the same amplitude for this noise is based on momentum considerations). Most importantly, in each interaction the detector absorbs or emits wave energy in amounts far smaller than the standard graviton energy ω where ω is the angular frequency of the gravitational wave. This sets a very tight upper limit on the quantization of the wave energy, viz. it must be at least ≈ 10 11 times below ω, independently of the value of ω itself.
Introduction
Since the landmark discovery of the first gravitational wave (GW) source, a binary black hole (BBH) merger, Abbott et al (2016a) , Advanced LIGO detected two more BBH mergers during its first observing run, Abbott et al (2016b,c) , and another two during its second, Abbott et al (2017a,b) . Moreover, in this second run a binary neutron star (BNS) merger, GW170817, was discovered, Abbott et al (2017c) , with accompanying emission in various parts of the electromagnetic spectrum. In particular, the 2 s delay w.r.t. the GW signal in the arrival time of the prompt high energy gamma-rays detected by GBM/Fermi, Pozanenko et al (2017) , puts an upper limit to any systematic deviation of the vacuum speed of GWs from light by 5 parts in 10 16 , because the distance to GW170104 is 42.5 Mpc from the optical counterpart observation, Coulter et al (2017) and D 'Elia et al (2017) . Yet another resembling feature between GW and light is the absence of dispersive propagation of the GW, Abbott et al (2017a) . The result suggests that gravitons, like photons, are massless if they exist, Abbott et al (2016d) . Indeed, with the specific properties of GW so revealed by the sources found to date, especially GW170817, it seems appropriate to ask if GW, like light, also comprises discrete units of energy, viz. gravitons. At first instance, it is natural to conjecture that each graviton has the energy ω, similar to the photon, where ω is the GW frequency. Despite the persisting absence of a renormalizable theory of quantum gravity, e.g. Schulz (2014) and Rodigast (2012) , quantizing gravitational waves in a flat background metric, with ensuing gravitons of energy ω each, has been done a long time ago and is relatively simple and free from problems, Gupta (1952) . In any case gravitons are a reasonable consequence of any serious quantum gravity theory.
The purpose of this paper is to supplement the general (and generally pessimistic) discussion of graviton detection prospects of Rothman & Boughn (2006) and Dyson (2013) to demonstrate that, in addition to discovering GWs, Advanced LIGO observations can already be used to exclude the existence of ω gravitons. Our current approach differs from the previous ones in that while the latter relied upon the extremely and unobservably small Poisson fluctuation in the enormous number (≈ 10 37 , Dyson (2013) ) of GW gravitons LIGO expects to detect, this work takes into account the possibility of quantum interactions between the GW and the LIGO interferometer, interactions that involve real exchange of energy and momentum. The idea to be presented is exceedingly simple, and does not necessitate any quantum field operators to model the GW. Instead, we show that it is sufficient to adopt a purely kinematic argument, viz. because a freely suspending test mass has a continuum of energy levels (Braginsky et al (2003) ), if it is observed to be absorbing energy from, and re-emitting energy to, an incident GW in units far less than ω, there will be direct and irrefutable evidence in hand against at least this most naive scheme of GW quantization.
Energy-momentum conserving interactions between a gravitational wave and an interferometric detector
We develop our analysis with the specific design of LIGO in mind. Consider two orthogonal laser beams of length L each, and aligned with the x-and y-axes. Moreover, let the GW be a plane wave propagating along the z-axis. Slowly moving masses in the Transverse-Traceless (TT) gauge obey the geodesic deviation equation, which simplifies to
see e.g. Gasperini (2013) . For GWs having the + polarization and wavelength λ ≫ L, viz.
small excursions ξ about the unperturbed positions of the mirrors on the two axes satisfy the equationsξ
where
The energy of the test mass M is
From (3), it is seen that the GW does not actually exchange energy with the test mass because the scalar product of the force and the velocity averages to zero; alternatively one can also appeal to the absence of a real part inξ xξx . Thus, it would appear that under the influence of a classical GW (or equivalently a GW comprising an irresolvably large number of gravitons) the mirror oscillates smoothly and without damping or growth; indeed it is shown in the next paragraph that the classical radiation reaction force also performs no net work, although that is no longer the case if quantum fluctuation in the force is taken into account.
Let us examine the situation of one laser photon reflected by the smooth surface of a test mass mirror moving at speed v x =ξ x towards the photon at the time of impact. Assuming elastic scattering in the instantaneous frame of the test mass, it is readily shown (Saulson (1997) , Ma et al (2015) ) that to O(v x /c) the outgoing photon is blueshifted in the laboratory frame by the fractional amount 2v x /c, viz. from ω 0 to ω 0 (1 + 2v x /c). The energy absorbed by the interferometric detector is ultimately drawn from the GW via the damping of the test mass's oscillation. However, there is no time averaged energy gain or loss, since v x = 0 in one cycle, corresponding to N /2 photons being blueshifted during the half cycle when the test mass was moving along the −x direction and N /2 photons being redshifted by equal amounts during the next half cycle when the test mass was moving along +x. Thus, while any instantaneous photon reflection event is accompanied by a real quantum interaction by which the interferometric detector exchanged an amount of energy
with the GW, after averaging over one cycle of GW oscillation there is no net energy loss or gain 1 for the detector (same applies to the GW) to O(v x /c). In fact, the effect in question is expressible in terms of the DC radiation reaction force doing work on the mirror, the rate of this process is the product of 2P/c (where P is the power of the laser) and v x , and vanishes when averaged over one GW oscillation cycle.
Yet when quantum mechanics is taken into account, fluctuations will ensure that the time averaged work done on the test mass (in the case of a sample average over finite time) does not exactly vanish, at least not for the radiation reaction force. Even without enlisting the more sophisticated and somewhat artificial opto-mechanical damping dynamics of a detuned laser cavity of Ma et al (2015) , the basic and inevitable effect of Fermi acceleration of the reflected photons by the test mass moving under the influence of an incident GW will ensure sufficiently frequent energy-momentum conserving interactions between the interferometer and the GW to seed fluctuation on all timescales.
Specifically, for a monochromatic GW with the above properties and spanning the duration τ , the variance (δE τ ) 2 in the energy exchanged between the interferometer and the GW is
where λ is the mean photon arrival rate, N = λτ , and v
is obtained from (3). As a result of this fluctuation, the standard deviation in the averaged test mass energy E over one cycle of oscillation as given by (4), is
Dividing δE by E, one obtains
This leads in turn to a strain noise in h, via δE/E = δh 2 /h 2 = 2δh/h, of spectral amplitude at angular frequency ω ofh
The result differs from the Wang (2013) expression of the amplitude of the strain noise due to radiation reaction by only a numerical factor of order unity. Evidently the standard
there is systematic absorption of the GW energy that results in the damping of the test mass oscillation, but the effect is unobservably small being ≈ 10 −41 W for LIGO, Saulson (1997) .
method of deriving this noise formula as presented in e.g. p16 of Wang (2013) , which relies on momentum exchange between the GW and the interferometric detector, could also have enlisted the energy exchange consideration here.
As an estimate of the magnitude of the radiation reaction noise, we adopt the parameters of Aasi et al (2015) to arrive at E ≫ ω (i.e. the motion of the test mass is classical, so that the notion of a well defined v x (t) at any given t is justified), and h = 6.2 × 10 (2015), (10) accounts for ≈ 50 % of the strain amplitude at ν = 20 Hz. Thus radiation reaction noise is an important noise source in the range of frequencies relevant to LIGO (it can also be shown that the remaining 50 % is due mostly to shot noise). Note that this noise is the only direct and comprehensive evidence of the existence of the aforementioned interactions, because the O(v x /c) frequency shift of the photons is too small to have an interferometrically measurable impact.
Limit on the existence of the standard graviton
The key part of the previous section, from the viewpoint of testing the existence of standard gravitons in the GW, has to do with the energy exchange ǫ (see (5)) between the interferometric detector and the GW every time a laser photon is reflected by the mirror, because these are genuinely quantum interactions in the sense that not only is energy emitted or absorbed by the detector in finite steps of ǫ, each event is random and memoryless, being governed by the Poisson arrival times of the photons.
Yet the crucial deduction is made when one estimates ǫ for typical LIGO observing conditions, viz. 
where use was made of the relation v 2 x = ωhL/2 which is a consequence of (3). Comparing (11) to the energy ω = 1.26 × 10 −32 J of the standard graviton at ν = 20 Hz, we see that ǫ is smaller by the ratio
Thus, the detector has been undergoing real quantum interactions with the GW in discrete amounts far less than the graviton, leading to the inference that for the GW to be quantized at all, the discreteness must occur in units ≪ ω.
To be more explicit about the impossibility of standard gravitons in the wake of LIGO data, we emphasize that not only is (5) a consequence of basic conservation laws during the reflection of a photon, such energy-momentum exchanging interactions are the responsible cause of the radiation reaction noise in LIGO, viz. (10) , which is observed. To reconcile theory with experiment, therefore, it is necessary that each graviton possesses an amount of energy ǫ, which means the GW quantization must occur at a level ≈ 10 11 times smaller than the standard graviton. It is also obvious from (12) that our conclusion is independent of the frequency ν of the GW, i.e. so long as radiation reaction remains a significant noise component (which is always the case for LIGO's frequency range of GW visibility) this very stringent upper limit on the energy of the graviton applies. Lastly, more complicated mechanisms of graviton absorption and emission, such as non-linear coupling between the photon and the graviton, will not be addressed in this paper, which focuses only on the most straightforward mode of detection similar to the discovery of the photon by the photoelectric effect.
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